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The remarkable proliferation and cell renewal processes in the human hematopoietic system are believed to be supported by a small population of hematopoietic stem cells. 1, 2 A major challenge in stem cell research is the establishment of culture systems that facilitate in vitro maintenance and augmentation of stem cell activity. This is of great impor-tance not only for hematopoietic stem cell transplantation but also for gene therapy. It is also an important step towards cellular and molecular understanding of the regulatory mechanisms that mediate the commitment vs self-renewal decision of stem cells.
In the last two decades a number of hematopoietic cytokines have been identified. Studies using recombinant hematopoietic cytokines have revealed that hematopoietic cytokines alone or in combination support the proliferation of hematopoietic progenitors and that it is possible to increase the number of progenitors in culture. 3 Recently, several groups of investigators have reported that combinations of early-acting cytokines support the maintenance or expansion of progenitors and even of transplantable stem cells in both murine [4] [5] [6] [7] and human systems. [8] [9] [10] [11] On the other hand, however, the importance of stromal cells in the maintenance and expansion of primitive progenitors including transplantable stem cells have been repeatedly demonstrated. [12] [13] [14] [15] [16] [17] [18] [19] [20] A number of stromal cell lines have been reported to support the proliferation of human primitive progenitors. MS-5 is one such cell line, derived from noninfected Dexter-type murine long-term marrow culture, which supports CFU-S maintenance 21 and acts synergistically with human growth factors to stimulate the formation of blast colonies and macroscopic colonies from CD34 + CD38 Ϫ primitive progenitors in short-term methylcellulose assays. 22 MS-5, alone 23 or in combination with SCF and G-CSF, 24, 25 also supports the proliferation of primitive lymphohematopoietic progenitors that are capable of differentiation along both myeloerythroid and lymphoid lineages and their differentiation toward the B cell lineage. Furthermore, a recent study has demonstrated that, in the presence of multiple cytokines, MS-5 cells promote a net increase of LTC-IC through self-renewal divisions. 26 In the present study, we demonstrate synergistic effects of MS-5 cells and early-acting hematopoietic growth factors, FL and TPO on the expansion of human cord blood CD34 + cells, CD34 + CD38 Ϫ cells, CFU-C and CAFC. Using an SRC assay we also found that transplantable stem cell activity was slightly augmented or at least maintained in our culture system.
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Materials and methods
Mice
NOD/Shi-scid/scid (NOD/SCID) mice were obtained from Clea Japan (Tokyo, Japan) and kept in sterile microisolator cages on laminar flow racks in a clean experiment room. They were given a sterile diet and autoclaved water.
Cytokines and cell lines
Recombinant human IL-3, SCF and TPO were provided by Kirin Brewery (Tokyo, Japan). Recombinant human G-CSF and erythropoietin (Ep) were gifts from Chugai Pharmaceutical (Tokyo, Japan). Recombinant human IL-6 was provided by Ajinomoto (Kawasaki, Japan). Recombinant human FL was a gift from Immunex (Seattle, WA, USA). The concentrations of the cytokines were as follows: IL-3, 10 ng/ml; SCF, 10 ng/ml; TPO, 100 ng/ml; G-CSF, 10 ng/ml; IL-6, 10 ng/ml; Ep, 2 U/ml; FL, 50 ng/ml. MS-5 cells were provided by Dr KJ Mori, Niigata University, Niigata, Japan and maintained in ␣-MEM (Flow Laboratories, Rockville, MD, USA) supplemented with 10% fetal calf serum (FCS; Equitech Bio, Igram, TX, USA). 21 
Preparation of human cord blood (CB) CD34
+ cells
Human cord blood was collected with consent after fullterm deliveries. 
Clonal cell culture
Methylcellulose clonal culture was performed in 35 mm suspension culture dishes. The culture medium consisted of ␣-MEM, 1.0% 4000-centipoise methylcellulose (Muromachi Kagaku Kogyo, Tokyo, Japan), 30% FCS, 1% bovine serum albumin (BSA; Sigma Chemical, St Louis, MO, USA), IL-3, SCF, G-CSF, and Ep. After 14 days of incubation at 37°C in a humidified atmosphere of 5% CO 2 in air, the colonies were scored with an inverted microscope using standard criteria for their identification.
CAFC assay
To assess cobblestone area (CA) development, aliquots of 50 to 400 uncultured CD34
+ cells or 200 to 25 000 expanded cells were seeded on to irradiated (1500 cGy) human bone marrow stromal cell monolayers, which had been prepared as described, 27 in long-term culture medium (IMDM/12.5% horse serum/12.5% FCS/1 ϫ 10 −6 m hydrocortisone) at 37°C with weekly changes of half the medium. CA development was evaluated after 5 and 8 weeks of incubation. CAFC frequencies were calculated by the method of maximum likelihood from the proportion of negative wells (wells containing no detectable cobblestone area) measured for each input dilution of cells tested.
Flow cytometric analysis
Aliquots of cells were stained with FITC-and PE-conjugated monoclonal antibodies in PBS/0.1% BSA at 4°C for 15 min. Analysis was performed by using an EPICS XL flow cytometer (Coulter, Tokyo, Japan). Antibodies used were as follows: FITC-conjugated antibody to CD34, and PE-conjugated antibodies to CD38 (BD), CD3, CD11b, CD19, CD33, CD41, Glycophorin A (DAKO Japan (DAKO), Kyoto, Japan), CD45, CD90, CD117 (Immunotech, Marseille, France). FITC-and PE-conjugated mouse IgG1 antibodies (DAKO) were used as isotypematched controls. Dead cells were gated out with a forward vs side scatter window and propidium iodide staining.
Transplantation into NOD/SCID mice (SRC assay)
Graded doses of CB CD34
+ cells or the progeny (mixture of stroma-nonadherent and stroma-adherent cells) obtained from the original cell doses of CD34 + cells after 2 weeks of culture on an MS-5 monolayer in the presence of TPO and FL were intravenously injected along with 1 ϫ 10 7 irradiated (1500 cGy) human peripheral blood mononuclear cells as accessory cells into NOD/SCID mice of 6 to 10 weeks of age that had received 225 cGy of total irradiation. Recipient mice were intraperitoneally injected with 250 l of PBS containing 50 l of anti-asialo GM1 antibody (Wako, Osaka, Japan) immediately before cell transplan-tation, because the NK cell activity of the NOD/Shiscid/scid mice we used is detectable 28 and the inoculation of anti-asialo GM1 antibody enhances the engraftment efficiency. 29 The mice were sacrificed 8 weeks after transplantation, and BM cells of the recipient mice were analyzed for the presence of human CD45
+ cells by flow cytometry. When human CD45
+ cells were less than 1%, the presence of human cells was further examined by PCR analysis of human-specific DNA described below. The cells were also analyzed to assess multilineage reconstitution using antibodies against CD34, CD11b, CD19, CD41, CD3 and Glycophorin A. None of the NOD/SCID mice reconstituted with accessory cells alone showed engraftment.
Polymerase chain reaction (PCR) for human DNA sequence
PCR amplification of human phenol sulfotransferase gene sequence 30 was used as a second test for the presence of human cells in the NOD/SCID samples. Total DNA was prepared from the BM of recipient NOD/SCID mice using QIAamp Blood kit (Qiagen, Chatsworth, CA, USA) according to the manufacturer's protocol. PCR was performed using 100 ng of DNA, 72 ng of primers and 1 U of Ampli Taq Gold DNA polymerase (Perkin-Elmer, Branchburg, NJ, USA) per reaction. The sequences of primers were as follows: 31 sense, CTCAGGAACATGGAGCTGAT; antisense, TGTGTCTTCAGGAGTCGTG. The product of the amplification was visualized as a 525-bp band after agarose gel electrophoresis and ethidium bromide staining.
Statistical analysis
Student's t-test was used to calculate statistical significance of differences.
Results
Synergistic effects of early-acting cytokines TPO/FL and MS-5 stromal cells on human CB progenitors
We first examined the hematopoiesis-supporting effects of early-acting cytokines TPO/FL and MS-5 stromal cells. Aliquots of 1 ϫ 10 3 enriched CD34 + cells were cultured in the presence of TPO/FL and/or a monolayer of MS-5 for 2 weeks. As presented in Table 1 , TPO/FL or MS-5 mono- + CD38 Ϫ cells and CFU-C increased by 1,500-, 672-, 872-and 311-fold relative to the input number, respectively. To assess whether cells with the ability to sustain long-term hematopoiesis in culture were also expanded in the presence of MS-5 cells and TPO/FL, we next examined the frequency of CAFC before and after culture. The results of three experiments are summarized in Table 2 ; 5-week CAFC and 8-week CAFC were expanded by 4.0-and 13.6-fold in culture, respectively. Representative flow cytometric profiles of uncultured CD34
+ cells and cells expanded in the presence of TPO/FL and MS-5 cells are presented in Figure 1 . Approximately 30% of the expanded cells still expressed CD34, and significant numbers of CD34 + CD38 Ϫ cells were also observed (1-5%). In addition, the cells expressing Thy-1 or c-kit were also observed in significant numbers. Forty to 60% of the cells expressed myeloid lineage markers such as CD11b and CD33. Although CD19 + B lymphoid lineage cells were also evident, Glycophorine A + erythroid, CD3 + T lymphoid and CD41 + megakaryocyte lineage cells were rarely detected.
Dependency of progenitor expansion on cell-cell contact between MS-5 and progenitor cells
The greatly impaired progenitor expansion without stromal cells (see Table 1 ) prompted us to assess the role of stromal cells in expansion of progenitors. We first examined the effects of filter separation of progenitors and stromal cells. CD34
+ cells were cultured in the presence of TPO/FL for 2 weeks in Transwell inserts placed above (noncontact culture) or directly on MS-5 monolayer (contact culture). The results of four experiments are summarized in Table  3 . The total cellular proliferation in 'noncontact culture' was extensive but was two-fold less than in 'contact culture': the numbers of growing nucleated cells were 343-and 700-fold higher than the respective input numbers. Also, the extensive expansion of CD34
+ CD38 Ϫ cells and CFU-C was evident in 'noncontact culture', but the magnitude of expansion was four times less in 'noncontact culture' than in 'contact culture', indicating that cell-cell contact and/or close association of pro- genitors and stromal cells were required for the maximum expansion of progenitors. Considering that the expansion of progenitors was greatly impaired without stromal cells, as mentioned earlier (see Table 1 ), soluble factors secreted from stromal cells may also have contributed, at least to some extent, to progenitor expansion.
Expansion of transplantable stem cells
To study the effects on transplantable stem cells, we performed transplantation experiments using NOD/SCID mice and examined the reconstitution abilities of CD34 + cells before and after 2 weeks of culture on MS-5 monolayer in the presence of TPO and FL. The ability of the injected cells to engraft into the BM of NOD/SCID mice was determined by flow cytometry and PCR analyses 2 months after cell injection. We carried out PCR analyses when human CD45
+ cells comprised less than 1% of BM cells of the recipient mice. None of the mice revealed humanspecific PCR products when CD45
+ cells comprised less than 0.1% of BM cells. However, numbers of mice showed human-specific PCR bands when CD45 + cells were between 0.1 and 1% (data not shown). Therefore, we defined recipient mice as being reconstituted when human CD45 + cells comprised more than 1% or when human CD45 + cells were between 0.1 and 1% and human-specific 525bp bands were detected by PCR analysis. We performed two experiments using CD34 + cells derived from two different donors and the results of engraftment status of the recipient mice are summarized in Figure 2 . While 1 ϫ 10 4 uncultured CD34
+ cells engrafted three of six mice, their progeny (the average number of cells injected was 4.5 ϫ 10 6 per mouse) engrafted all six mice. Furthermore, the levels of engraftment in the progeny group were higher than that of the uncultured cell group (22.7% vs 3.8%, P = 0.013). Two thousand and 400 uncultured CD34
+ cells engrafted three of six mice and none (0/6), respectively, while their progeny (the average number of cells injected was 1.2 ϫ 10 6 and 2.5 ϫ 10 5 per mouse, respectively) engrafted all six and three of six mice, respectively. Although we could not perform a quantitative SRC assay, the higher incidence and higher levels of engraftment in the mice transplanted with cultured cells than in those trans- + megakaryocyte and CD3 + T lymphoid lineage cells were scarcely found. Representative results of flow cytometric analysis of a highly reconstituted mouse are presented in Figure 3 .
Discussion
In this study, we demonstrated that the combination of two early-acting cytokines (TPO and FL) and the murine stromal cell line MS-5 is capable of not only expanding CD34
+ CD38 Ϫ cells, CFU-C and CAFC but also of slightly augmenting, or at least maintaining, transplantable stem cell activity in culture.
Development of the methods to increase the number of hematopoietic stem cells in vitro would have a profound impact on allogeneic and autologous stem cell transplantation. Therefore, ex vivo expansion of hematopoietic stem cells is currently a major area in the study of hematologyoncology, and in the last few years a number of studies have been performed to identify culture conditions that are able to expand primitive hematopoietic progenitors, especially transplantable stem cells. Dick's group demonstrated 2-to 4-fold expansion of human CB stem cells in 4 days of stroma-free culture supplemented with SCF, FL, G-CSF, IL-3 and IL-6. 9 However, a longer period of culture resulted in the loss of stem cell activity. 9 Aglietta and colleagues showed extensive and sustained (more than 6 months) amplification of human CB primitive progenitors using stroma-free suspension culture supplemented with TPO and FL, 10 and subsequently demonstrated that transplantable stem cells were also greatly expanded under the same culture conditions. 11 Eaves's group also demonstrated 3-fold expansion of murine stem cells 7 and 2-fold expansion of human stem cells 8 using short-term stroma-free sus- pension culture supplemented with IL-11, FL and SCF, or SCF, FL, G-CSF, IL-3 and IL-6, respectively. In contrast to these recent studies using stroma-free culture, however, the importance of cell-cell interaction between stromal cells and hematopoietic progenitors in early stages of hematopoiesis has been repeatedly reported. The first major contribution was the establishment of the Dexter type longterm bone marrow culture system. 27 Subsequently, numbers of stromal cell lines have been established that support long-term hematopoiesis in culture. Some of these have been shown to be capable of supporting maintenance or expansion of transplantable stem cells. [13] [14] [15] [16] [18] [19] [20] This discrepancy in the stromal cell dependency of ex vivo stem cell expansion may be resolved by detailed characterization of the exact roles of stromal cells.
The mechanisms responsible for the supportive effects of MS-5 cell are not fully understood. Since the separation of progenitors and MS-5 monolayer by the insertion of a microporous filter (noncontact culture) failed to completely suppress the progenitor expansion, it is likely that soluble factors secreted by MS-5 cells are partially involved in progenitor expansion. However, close association or adhesion of MS-5 cells and progenitors was required for maximum progenitor expansion. It is possible that cytokines sequestrated in the extracellular matrix of stromal cells and/or membrane-bound type cytokines, which would require close approximation of stromal cells and progenitors to exert their functions, were essential for this effect. Alternatively, direct cell-cell interaction between MS-5 cells and progenitors may be critical. Since previous studies have demonstrated the importance of ␤1 integrins, such as VLA-4 and VLA-5, in adhesive interactions between stromal cells and hematopoietic progenitors, [32] [33] [34] [35] [36] [37] [38] we examined the effects of anti-␤1 integrin antibody on the MS-5-dependent expansion of progenitors (data not shown). In the presence of anti-␤1 integrin antibody cobblestone area formation was retarded, but at the end of 2 weeks of culture no such retardation was observed despite addition of the antibody twice a week. There were no differences between the anti-␤1 integrin group and control IgG1 group in the number of stromal cell-adherent cells and total cells at the end of culture. Also, there were no differences in the magnitude of expansion of CD34 + cells or CFU-C. These results suggested that cell-cell interaction between MS-5 cells and progenitors mediated by ␤1 integrins are important for cobblestone area formation by day 10 of culture, but not essential thereafter. Although the anti-␤1 integrin antibody (SG/19) used in this study completely blocked the adhesion of bone marrow CD34 + cells to MS-5 monolayer in a 1 h culture (Ref. 38 and unpublished data), the possibility cannot be excluded that the antibody treatment was not sufficient to completely block the ␤1 integrin-mediated progenitor-stroma interaction in this expansion system. Recent cumulative data have demonstrated that members of the Notch family play critical roles in the determination of cell fates in many developmental systems (Ref. 39 and references therein) and there is evidence supporting the importance of Notch signaling in hematopoiesis, especially in self-renewal of stem cell or primitive progenitors. 40 + progenitors. 44 Interestingly, MS-5 expresses Notch ligands including jagged-1, jagged-2 and delta-like-1 protein (data not shown). These results suggest the involvement of cell-cell interaction between MS-5 and progenitor cells through the Notch/Notch ligand system in the expansion of primitive progenitors and transplantable stem cells under our culture conditions. Tordjman et al 45 recently reported that neuropilin-1 is expressed on the cell surface of MS-5 cells and that the stimulation of MS-5 using one of its ligands, VEGF, enhanced production of TPO and FL. Furthermore, primitive progenitors express different kinds of neuropilin-1 ligand, suggesting that neuropilin-1 is another candidate molecule responsible for cell-cell interaction between MS-5 cell and primitive progenitors. Further studies for detection and characterization of the responsible molecule(s) will contribute to our understanding of regulatory mechanisms in the self-renewal of human stem cells and provide novel strategies for their ex vivo expansion.
The development of the SRC assay for primitive human hematopoietic progenitors capable of repopulating the hematopoietic system of NOD/scid mice provided a new approach to quantitate the number of transplantable stem cells. 46 Using this in vivo system, we showed that SRC were maintained or slightly expanded under our culture conditions. Although this xenograft system is a strong tool for quantitation of transplantable stem cells, it may not necessarily reflect true number of stem cells, because for stem cells to reconstitute the hematopoietic system of recipient mice they need first to migrate into the BM, and this xeno graft system is unable to detect stem cells that are not capable of migration into the BM. In this regard, Aiuti et al 47 + cells engrafted all six mice, and even the progeny of 400 CD34
+ cells engrafted three of six mice. This result raised the possibility that significant numbers of stem cells that are not able to migrate into the BM and hence do not contribute to engraftment obtained the ability to migrate into the BM under our culture conditions, resulting in their enhanced transplantable stem cell activity.
